The technical and economic assessment of using hybrid energy system for electricity generation in rural communities in the south-west of Nigeria is investigated in this study. Renewable resources (wind and solar data) in Ibadan located on the latitude of 7.43 °N and longitude 3.91 °E are used. Hybrid Optimization Model for Electric Renewable software has been employed to carry out the present study. It was found that Wind-PV-Generator-Battery hybrid system is most suitable option as stand-alone electricity generating system in Ibadan. The optimal simulation results indicate that the levelised cost of energy for this hybrid energy system varies between $0.437/kWh and $0.606/kWh depending on the diesel price. These costs are significantly lower than the cost of using diesel generator only (without battery) which varies between $0.607 and $0.940 per kWh. It was further observed that there is a significant reduction in emission produced if hybrid energy system is used instead of only generator based energy system. The most suitable hybrid systems in other locations in southwest Nigeria can be identified from the optimal energy system plots provided.
INTRODUCTION
In Nigeria, access to reliable and stable supply of electricity is a major challenge for both the urban and rural dwellers. The challenge, however, is more significant in the rural areas and communities (rural area is defined as area with population of less than 5,000 (NWSSP, 2000; Paul et al., 2012) where only about 10% of the population have access to electricity. It should be remarked that rural areas made up of about 51% of Nigeria population, and the development of these areas both economically and socially has continued to be negatively impacted by lack of electricity supply. In fact,the average electricity consumption per capital as at 2009 in Nigeria is 120.5 kWh per year (World Bank, 2012) , which is far less than 2 kWh per day for a household of five people. Moreover, this per capital electricity consumption is significantly lower when compared to South Africa and Egypt which as at 2009 are, respectively, 4532 kWh per year and 1548.6 kWh per year (World Bank, 2012) .
It is well recognised that the low electricity consumption in Nigeria is primarily due to irregular and inadequate electricity generation and distribution. These noted limitations can be improved upon by using the solar and wind energy resources to supplement the conventional method of electricity generation in Nigeria. However, due to intermittent nature of these resources, they may not be suitable and reliable as stand-alone energy conversion systems. For example during power outages in Nigeria and in most rural areas, diesel generators are commonly used as electricity generating system. However, a diesel generator can be noisy (especially the old one), produce greenhouse gases, and has high operating and maintenance cost (Al-Badi, 2011) . Moreover, accessibility to diesel oil may be difficult especially in the rural areas and during fuel scarcity, which is a common occurrence in Nigeria. This in essence, can lead to increased diesel price and hence, much higher operating cost of the diesel generator. Therefore, integration of both renewable energy conversion systems with diesel generator and storage facility could be a reliable energy system in most rural areas and even for large communities in urban and semi-urban areas in Nigeria.
The present work studied the feasibility of using hybrid energy system for electricity generation in rural areas in Ibadan, Nigeria. The effects of changes in wind speed and global solar radiation on the optimal hybrid energy system are also examined. The performed sensitivity analysis based on range of values of wind speed and global solar radiation considered make the results of this study suitable for identifying hybrid energy system for almost all locations in south-west of Nigeria which comprises Ekiti, Lagos, Ogun, Ondo, Osun, and Oyo states (see Figure 1 , (Olakunle et al., 2011) ) including other locations in neighbouring states with similar wind speed regime and global solar radiation. By using hybrid energy system, access to electricity in the rural areas of the region (i.e., where national electricity grid extension is unavailable or expensive to be assessed), can be greatly enhanced. The information provided in this study will be useful for both the government and private organisations as well as individual or group of individuals in planning stand-alone electricity generating system in south-west areas.
ELECTRICAL LOAD AND RENEWABLE RESOURCES 2.1. Electrical load
Survey of few households in Ibadan (in south-west part of Nigeria) revealed that daily averaged electricity consumption is generally less than 5 kWh. Based on survey of ten households in Ilorin (in Kwara state) in central region of Nigeria, Ajao et al. (2011) reported an average electricity consumption of 400 kWh per month (or 13.3 kWh per day) per household. Adeoti et al. (2001) found that for rural area in south west Nigeria, average electricity consumption per household is about 2.3 kWh per day. This clearly reveals that the level of electricity consumption in urban settings is significantly more than those levels in rural and in some semi-urban areas. It should be noted that electricity consumption by a household depends on many factors which includes: income level (that invariably determine the type and amount of appliances), size of the household, and prices of alternative sources of energy (e.g. wood, gas and kerosene).
In this study, electrical load of 2.5 MWh per day with daily peak load of 378 kWh is simulated for rural areas with population of about 500 households (with assumption that each household consumed 5 kWh of electricity per day). In addition, this load can serve over 120 households (at consumption rate of 20 kWh per day) in semi-urban and urban area. Furthermore, the 2.5 MWh/day load can be used for big telecommunication installation, hospital as well as for relatively big business and community centres in urban areas. For this load profile, hourly and daily variations are taken as 42% and 16% respectively.
Renewable resources
The performance of a hybrid energy system is strongly dependent on the renewable resources (wind speed and solar radiation data) and these resources are site-specific and even for a given site, their values vary from one day to another. Therefore, accurate information about wind speed and global solar radiation for the location of interest are essential. The renewable resources (solar and wind) data used in this study Olakunle et al., 2011.) .
are for Ibadan which is situated in the south-west Nigeria. This site is located on latitude 7.43°N and longitude 3.91°E and at elevation of about 228 m above sea level.
In order for the analysis presented in this study to be useful in other locations in the south-west region of Nigeria, range of values of wind speed and global solar radiation are used for sensitivity analysis. The wind speed and horizontal global solar radiation in selected locations (Akure, Ibadan, Ijebu-ode, Ikeja, Iseyin, Ondo and Oshogbo) in the region were investigated so that proper range of values for the wind speed and the solar radiation for the sensitivity analysis are selected. The geographical locations of these sites are presented in Table 1 .
Wind resources
The wind speed data used in this study for the selected locations were obtained from the Nigerian Meteorological Agency (NIMET, 2012), Oshodi, Lagos. The wind speed data were captured at 10 m height by a cup-generator anemometer. The acquired data were obtained on hourly basis, from which monthly wind speed and other wind speed parameters were determined. The monthly mean wind speed in selected locations in the south-west region of Nigeria based on 10 years (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) wind speed data is presented in Figure 2 . The figure shows that the monthly mean wind speeds in this region vary between 1.14 m/s in Ondo in the month of December and 6.66 m/s in Ikeja in the month of August. The annual mean wind speeds are 3. 15, 4.37, 3.28, 5.20, 4.81, 2.04 and 3 .43 m/s in Akure, Ibadan, Ijebu-Ode, Ikeja, Iseyin, Ondo and Oshogbo, respectively. In addition, it can be observed that there is noticeable variation in monthly average wind speed and hence, the monthly energy output from wind energy conversion systems would also vary from one month to another month.
The annual Weibull probability density functions and the annual cumulative frequency functions calculated from the measured wind speeds for the selected locations are presented in Figure 3 . As expected the peak of the density function frequencies of all the sites skewed towards the higher values of mean wind speed (Fig. 3a) . It should be remarked that, the peak of the probability density function curve indicates the most frequent velocity. The cumulative distribution function curve (Fig. 3b) shows that for wind speeds greater or equal to 2.5 m/s cut-in wind speed, Akure, Ibadan, Ijebu-Ode, Ikeja, Iseyin, Ondo and Oshogbo have frequencies of about 79%, 92%, 71%, 96%, 98%, 31% and 75 %, respectively, while the same locations, respectively, have frequencies of about 35%, 74%, 42%, 86%, 89%, 10% and 46 %, for cut-in wind speed of 3.5 m/s. Therefore, for all the sites considered, wind turbine system with cut-in wind speed of less than 3.0 m/s will be most suitable. In this study, Ibadan is chosen for the hybrid energy system analysis. The autocorrelation factor (randomness in wind speed) in this site is found to be 0.85 (typical values are within the range of 0.80 to 0.95 (Brett and Tuller, 1991; Askari and Ameri, 2012) and the Weibull distribution function scale factor is 4.84 m/s. The diurnal pattern strength (wind speed variation over a day) is estimated as 0.25 (typical values are within of 0.00 to 0.40 (Askari and Ameri, 2012) ) and the hours of peak of the wind speed is 15.00. For sensitivity analysis, the folowing values of wind speed are used: 1.00, 2, 3.00, 3.5, 4.37, 5.00, 6.00, 7.00 and 8.00 m/s.
Solar radiation data
The averaged daily global solar radiation data on horizontal surfaces for Ibadan used in this study were obtained from NASA Surface meteorology and solar energy website (NASA, 2012) . The monthly daily averaged global solar radiation is presented in /day. The monthly clearness index, which is defined as the fraction of solar radiation at the top of the atmosphere that reaches a particular location on the earth surface varied between 0.380 in the month of August (raining season) and 0.586 in the month of November (in dry season) with an annual average of 0.486. The clearness index provides information on the level of availability of solar radiation at the surface of the earth as well as changes in atmospheric conditions (Jiang, 2009) . Based on the values of clearness index, the prevailing weather condition in Ibadan (and in general for south-west region of Nigeria) can be classified as partly overcast in most of time of the year except during the mid-raining season, when it falls into heavily overcast weather (Adaramola, 2012) . For sensitivity analysis, seven different annual values of global solar radiation are used and these values are: 2.00, 3.00, 4.00, 4, 4.82, 5, 7.00 and 8.00 kWh/m 2 /day.
HYBRID SYSTEM COMPONENTS
The hybrid energy system is designed using National Renewable Energy Laboratory (NREL) software, HOMER (Hybrid Optimization Model for Electric Renewable). HOMER performs three basic calculations: simulation, optimization, and sensitivity analysis (Lambert et al., 2006) . In the simulation process, HOMER models the performance of a particular hybrid system configuration each hour of the year to determine its technical feasibility and life-cycle cost. A feasible system is defined as a hybrid system configuration that is capable of satisfying the required load and meeting other constraints imposed on the system. In the optimization process, several different system configurations are simulated and HOMER search for the system that satisfies the technical and economic constraints at the lowest life-cycle cost. In sensitivity analysis process, HOMER performs multiple optimizations under a range of input in order to investigate the effects of uncertainty or changes in the model inputs (such as changes in wind speed or diesel price). In present work, hybrid systems with possible combination of the following components are investigated: wind energy conversion system (wind turbine), PV module, diesel generator, battery and power converter. The schematic diagram of the hybrid system is shown in Figure 5 . For each component, HOMER require information about the cost (capital, replacement, operation and maintenance), number (or size) of units to be used, operating hours and lifetime, and specific component properties. Detailed descriptions of each component with the required input data for the HOMER software are provided below.
Wind energy conversion systems
The performance of a wind turbine is strongly dependent on wind speed as well as on the designed wind speeds parameters (cut-in, rated and cut-off wind speeds) and hub height of the wind turbine among other factors. In this study, the Furhlander FL 250 model) with cut-in wind speed of 2.5 m/s and rated power of 250 kW is 540 Technical and economic assessment of hybrid energy systems in South-West Nigeria selected. Due to its low cut-in wind speed, this system is suitable for low to medium wind speed sites such as those considered here. This model is designed to be used with hub height of up to 50 m high. The detailed technical specifications and power curve of this wind turbine model are presented in Table 2 and Figure 6 , respectively. The capital cost of this wind turbine model is taken as $540,000 (Al-Badi and Bourdoucen, 2011). The operating and maintenance cost is assumed to be 20% of the annual cost of the initial capital cost of the system (system cost/lifetime). The lifetime of the wind turbine is assumed to be 20 years. In addition, the replacement cost of the wind turbine is taken as $0 in this study, since the project life is assumed to be 20 years. For the simulation analysis, provision for using either 0 (no wind turbine), or 1 unit is given. 
PV array
The capital cost of PV array are taken to be $2000 per kW . The lifetime of the PV array is assumed to be 20 years and thus the replacment of $0 per kW is assumed (since the project life is assumed to be 20 years). The operating and maintenance cost is assumed to be 20% of the capital cost of a kW of the PV array. The derating factor which compensate for efficiency reduction in the PV performance due to temperature, dust and wiring losses was taken as 0.75. For tropical region with high temperatures, the derating factor in general lies between 0.70 and 0.80 (Askari and Ameri, 2012) . Depending on the nature of the ground surface of a site, the ground reflectance, which represent the fraction of the solar radiation incident on the ground that is reflected, ranges between 20% and 70% (Askari and Ameri, 2012) . In this study, the ground reflectance is taken as 40% and no tracking system is included in the PV system. In this simulation analysis, four different PV array sizes, which are 0 (no PV array), 50 kW, 100 kW and 150 kW are considered.
Diesel generator
The purpose of the generator is to supplement the power production by the wind turbine and PV arrays especially when the required electrical load are not met by either of them or by batteries (due to state of charge). For this analysis, the generator cost is assumed to be $400 per kW and replacement and operational and maintenance costs are taken to be $350 per kW and $0.150/hr., respectively (Khan and Igbal, 2005) . Five different diesel generator sizes are considered, which are 0 (no diesel generator), 50 kW, 100 kW,150 kW and 200 kW, for the simulation analysis. The operating lifetime of the generator is assumed to be 15000 hours. It should be remarked that the diesel generator runs in parallel with the renewable energy conversion systems and requires a certain percentage of the diesel generator time to charge the batteries. A value of 30% was selected in this analysis as suggested by (Givler and Lilienthal, 2005) . Current diesel price in Nigeria is between $0.8 and $1.0/litre (World Bank, 2012; Nigerian Tribune, 2012) . In rural areas and during fuel scarcity, the diesel price may be significantly higher than the official price. Therefore, for the sensitivity analysis, diesel price of $0.6, $1.0 and $1.4/litre were used in order to study the effect of diesel price on the optimal hybrid energy system and electricity price.
Battery
The battery is used to meet the electrical load during the non-availability of power from the PV array and/or wind energy conversion system. In this study, the Surrette 6CS25P models with a nominal capacity of 1156 ampere-hours (Ah), cell voltage of 6V, lifetime throughput of 9645 kWh, efficiency of 80% and a minimum state of charge of 40% (Rolls Battery) are selected. The cost of one battery is taken as $1250 with a replacement cost of $1100 (Khan and Igbal, 2005) . The operational and maintenance cost is taken as $11/yr (Cotrell and Pratt, 2003) . Five different battery strings (0 (no battery), 10, 20, 30 and 40) are considered for the simulation analysis and each string contain six batteries.
Power converter
A power converter is required to maintain the flow of energy between the ac and dc components of the hybrid energy system and the electrical load. The cost of a power converter depends on its size and type (either pure sine wave or modified sine wave). The cost of 1 kW converter is assumed to be $800 and the replacement cost is taken as $750 (Khan and Igbal, 2005) . For simulation analysis, three different sizes of converter (100 kW, 150 kW and 200 kW) are considered. The lifetime of a unit is taken as 15 years with an efficiency of 90%.
Economic, controls, constraints and battery dispatch strategy
The lifetime of the project is taken to be 20 years and the annual real interest rate is taken to be 9.35%. This value represents real interest rate in Nigeria as at the end of 2010 (World Bank, 2012). The fixed capital cost is assumed to be $2000 and the operations and maintenance costs are taken as 5% of the fixed capital cost. The maximum annual capacity shortage is taken as 5% which is within the range of 0.5 to 5% suggested by (Givler and Lilienthal, 2005) and operating reserve, as percentage of hourly load is 10% as recommended by (Cotrell and Pratt, 2003; Dalton et al., 2008) . For renewable output, this reserve is 25 and 50% for solar and wind energy conversion systems, respectively.
HOMER can model two battery dispatch strategies which are load-following and cycle-charging. Under the load-following strategy, renewable power sources charge the battery but the generators do not. Under the cycle-charging strategy, whenever the generators operate, they produce more power than required to serve the load with surplus electricity going to charge the battery bank. In this analysis, cycle-charging was selected because this strategry preserve the lifetime of both the diesel generator and battery and reduces risk of over-dicharging the battery (Cotrell and Pratt, 2003; Dalton et al., 2008) .
System simulation
For each system component, different sizes and number are provided as discussed in previous sections and they are summarised in Table 3. The table shows 0  0  0  0  100  50  1  50  60  150  100  100  120  200  150  150  180  200  200  240  250  6  2  5  6  3 search for the optimal system configuration. This search space is made up of 900 different system configurations (product of PV array (6), WECS (2), generator (5), battery (5), and converter (3)). In addition, the effect of changes in wind speed, global solar radiation, and diesel price is considered. A total of 168 sensitivity cases (wind speed (8), global solar radiation (7) and diesel price (3)) were tested with each of the system configurations.
RESULTS AND DISCUSSION

Optimization results
The optimization solutions for Ibadan which have annual wind speed of 4.37 m/s and annual daily averaged global solar radiation of 4.82 kWh/m 2 /day are presented in Tables 4, 5 and 6 for different diesel prices. The tables clearly illustrate that, irrespective of the diesel price, a hybrid energy system with combination of Wind/PV/Gen/Battery is the most suitable solution. The components and cost analysis of this optimal hybrid system are also shown in these tables. For diesel price of $0.6/litre, the hybrid system is made up of 100 kW PV, 1 FL 250 (250 kW) wind turbine, 150 kW Generator, 240 S6CS25P Battery and 100 kW Converter (Table 4) . However, as the diesel price increases, the required PV capacity increased to 150 kW for diesel price of $1.0/litre (Table 5 ) and to 200 kW for diesel price of $1.4/litre (Table 6 ). But, the capacity and numbers of other components of the optimal hybrid system remain the same. The cost analysis for the other feasible hybrid energy systems and only generator based energy systems (with and without battery) to supply the required electrical load are also shown in Tables 4, 5 and 6. For the optimal hybrid system (Wind/PV/Gen/Battery), the unit cost of electricity are $0.437, 0.523 and 0.609/kWh for diesel price of $0.6, 1.0 and 1.4/litre, respectively. The fraction of electricity generated through renewable energy conversion systems by this hybrid energy system is observed to increase from 42% to 52%, when the diesel price increased from $0.6/litre to $1.4/litre. For the only generator based system without battery, levelised cost of electricity is observed to vary between $0.607/kWh (for diesel price of $0.6/litre) and $0.940/kWh when the diesel is $1.4/litre. However, if battery is used with the generator, the loss of electricity is observed to be respectively, reduced to $0.491 and 0.787/kWh.
Notwithstanding of the high initial capital cost of the hybrid system (for example, $1,282,000 for the diesel price of $1.0/litre), it can be seen that its total net present cost (NPC) is lower than generator based system (with/without battery). This is because of the low operating cost of the renewable energy conversion systems when compared with the generator system. Detailed information about other feasible hybrid systems (renewable energy conversion systems + generator (with/without battery)) are shown in Tables 4, 5 and 6. The monthly average electricity produced by each component of the optimal hybrid system (Wind/PV/Gen/Battery) is presented in Figure 7 for the diesel price of $1.0. This figure indicates that electricity produced by each component of the hybrid system vary from one component to another and from month to month. This is due mainly to the variability in monthly wind speed and global solar radiation. The simulation analysis shows that the total electricity production (1,063,094 kWh/year) met the required electrical load (909,717 kWh/year) by the combination of 19% PV (200,311 kWh/year), 28% wind turbine (301,903 kWh/year) and 53% by generator (560,880 kWh/year) with excess electricity of 69,196 kWh/year. Therefore, the electricity produced by this hybrid system could serve more than 140 households assumed that each household consumed about 20 kWh/day of electricity. The greenhouse gases emissions (pollutants) released by the optimal hybrid energy system are compared with those produced by only generator based energy system (with and without battery) in Table 7 for diesel price of $1.0/litre. It is observed from this table, that by using the hybrid system, the emitted carbon dioxide and other pollutants are significantly reduced. The total pollutants is noted to be reduced by about 48 % and 42% respectively, when the hybrid system is compared with generator without storage facility and generator with battery. Therefore, in addition to being most economically viable option, the hybrid energy system reduces the emissions released by the only generator based energy system. 
Sensitivity analysis results
The effect of diesel price on the optimal system configurations are presented in graphical form in Figures 8-10 . The cost of electricity is superimposed on each figure. An optimal system is defined as a solution for energy system configuration that is able to meet the specified electrical load. These figures are given in terms of global solar radiation and wind speed. This will enable the results from this study to be applied to other locations within south-west part of Nigeria where the global solar radiation and wind speed are within the range considered in this study as previously discussed. Depending on the diesel price, different energy configuration systems are observed and region covered by each configuration is strongly dependent on the renewable resources.
For instance, for a diesel price of $0.6/litre (Fig. 8) , four distinct configurations are feasible. These systems are Gen/Battery, PV/Gen/Battery, Wind/Gen/Battery and Wind/PV/Gen/Battery. At low wind speed of less than 3.7 m/s and global solar radiation of less than 3.4 kWh/m 2 /day, Gen/Battery system is the best energy system. However, when the global solar radiation is greater than about 3.4 kWh/m 2 /day, a hybrid system which consists of PV/Gen/Battery is the most viable system at low wind speed. At high wind speed (more about 3.7 m/s), it can be observed from this figure that irrespective of the amount of global solar radiation, Wind/Gen/Battery hybrid is best option. The hybrid system with combination of Wind/PV/Gen/Battery is observed to be the best option at moderate wind speed and global solar radition of more than 3.4 kWh/m 2 /day. With increasing diesel price (Figs. 9 and 10) , the regions where the option of using Gen/Battery and Wind/Gen/Battery as most viable systems reduces while the region where PV/Gen/Battery and Wind/PV/Gen/Battery are most suitable systems increases. When the diesel price is $1.0/litre, Gen/Battery system is the only most feasible option at wind speed less than 3.5 m/s and very low global solar radiation (Fig. 9) . In addition, when the wind speed is less than 3.5 m/s, it can be observed that only PV/Gen/Battery based hybrid system is most feasible option irrespective of global solar radiation when the diesel price is $1.4/litre and the option of using Wind/Gen/Battery is limited to high wind speed region (Fig. 10) . It can further be observed from these figures that levelised cost of electricity reduces as the wind speed and global solar radiation increases, for a given diesel price. In addition, for a given combination of wind speed and global solar radiation, the cost of electricity increases with increasing diesel price. The significance of these optimal hybrid energy system distributions is that they can easily be used to identify which type of hybrid system is the best option for a given site if the wind speed and global solar radiation of the site are known. For instance, with mean annual wind speed of 2.04 m/s, PV/Gen/Battery hybrid energy system, irrespective of the global solar radiation, is most feasible option in Ondo area for the diesel price of $1.4/litre.
CONCLUSIONS
This study examined the technical and economic assessment of viability of hybrid energy system in rural communities of Ibadan in south-west region of Nigeria using software called HOMER. The results show that the cost of generating electricity using Wind/PV/Generator/Battery hybrid energy system is significantly cheaper than using only generator based energy system (with and without battery). Although the initial capital cost of the hybrid system is higher than the only generator based system, its low operating and maintenance cost make it more suitable for rural areas where accessibility to diesel to power the generator may be difficult.
In addition, using the sensitivity analysis results, the findings of this study can be applied to other locations within south-west of Nigeria and surrounding states that have similar wind speed regime and global solar radiation to the site considered in this study. The reliable supply of electricity through the hybrid system can improve the standard of living and economic activities of the rural habitants. In addition, using hybrid energy system has potential of reducing the greenhouse emissions, which will not only be good for the environment but could reduce health hazards from only generator based energy system.
